We perform smoothed particle hydrodynamics (SPH) simulations of an isolated galaxy with a new treatment for dust formation and destruction. To this aim, we treat dust and metal production self-consistently with star formation and supernova feedback. For dust, we consider a simplified model of grain size distribution by representing the entire range of grain sizes with large and small grains. We include dust production in stellar ejecta, dust destruction by supernova (SN) shocks, grain growth by accretion and coagulation, and grain disruption by shattering. We find that the assumption of fixed dust-to-metal mass ratio becomes no longer valid when the galaxy is older than 0.2 Gyr, at which point the grain growth by accretion starts to contribute to the nonlinear rise of dust-to-gas ratio. As expected in our previous one-zone model, shattering triggers grain growth by accretion since it increases the total surface area of grains. Coagulation becomes significant when the galaxy age is greater than ∼ 1 Gyr: at this epoch the abundance of small grains becomes high enough to raise the coagulation rate of small grains. We further compare the radial profiles of dust-to-gas ratio (D) and dust-to-metal ratio (D/Z) (i.e., depletion) at various ages with observational data. We find that our simulations broadly reproduce the radial gradients of dust-to-gas ratio and depletion. In the early epoch ( 0.3 Gyr), the radial gradient of D follows the metallicity gradient with D/Z determined by the dust condensation efficiency in stellar ejecta, while the D gradient is steeper than the Z gradient at the later epochs because of grain growth by accretion. The framework developed in this paper is applicable to any SPH-based galaxy evolution simulations including cosmological ones.
INTRODUCTION
The importance of cosmic dust in astrophysical processes has been recognized in recent decades. Dust acts as an efficient catalyst of molecular hydrogen (H2) formation in the interstellar medium (ISM) (e.g., Gould & Salpeter 1963; Cazaux & Tielens 2004; Cazaux & Spaans 2009 ). In addition, the typical mass of the final fragments in star-forming clouds is also regulated by dust cooling (Whitworth et al. 1998; Larson 2005; Omukai et al. 2005; Schneider et al. 2006) . In protoplanetary discs, dust growth eventually leads to planet formation (e.g., Okuzumi et al. 2009; Kataoka et al. 2014 ).
E-mail: aoyama@vega.ess.sci.osaka-u.ac.jp (SA) Dust grains also play an important role in radiative processes in the ISM by absorbing stellar light and reemitting it in the far-infrared, and change the spectral energy distributions of galaxies (Calzetti et al. 2000; Buat et al. 2002; Takeuchi et al. 2012) .
For the dust properties in galaxies, the size distribution of dust grains is of fundamental importance (e.g., Mathis et al. 1977; Nozawa & Fukugita 2013) . In particular, the extinction curve (i.e., the wavelength dependence of absorption and scattering cross-section) is shaped by the grain size distribution, given the grain materials (Bohren et al. 1983) . Precise estimates of star formation rate (SFR) in galaxies also require correction for dust extinction (e.g., Steidel et al. 1999 ; Takeuchi et al. 2010 ; Kennicutt & Evans 2012) . In ad-dition, the total dust surface area which depends on the grain size distribution governs the formation rate of molecular hydrogen (e.g., Barlow & Silk 1976; Yamasawa et al. 2011) .
Dust interacts with gas, metals and dust itself in the ISM. It is not only destroyed by supernova (SN) shocks, but also disrupted or shattered by grain-grain collisions in the diffuse ISM (Yan et al. 2004) . In dense environments such as molecular clouds, it grows by accretion and coagulation . All these processes play important roles in the evolution of dust abundance and grain size distribution. Asano et al. (2013b) have established a full framework for treating the evolution of grain size distribution consistently with the chemical enrichment in a galaxy. Their work revealed that the collisional effects of dust grains such as coagulation, shattering, and accretion are necessary for a comprehensive understanding of the observed dust-to-gas mass ratio and extinction curves in nearby galaxies. However, Asano et al. (2013b) treated a galaxy as a single zone without taking into account the spatial distribution of gas with different density structures. Since the efficiencies of various dust processing mechanisms depend on the density and temperature of the ISM, hydrodynamical evolution of the ISM should also be considered simultaneously with dust evolution.
Hydrodynamical simulations have indeed been a powerful tool to clarify galaxy formation and evolution. Many cosmological hydrodynamic simulations have reproduced and predicted the observed galaxy mass and luminosity functions (e.g., Nagamine et al. 2001 Nagamine et al. , 2004 Jaacks et al. 2012 Jaacks et al. , 2013 Shimizu et al. 2014 ; Thompson et al. 2014; Vogelsberger et al. 2014; Shimizu et al. 2015; Schaye et al. 2015) . In order to compute luminosity functions from simulated galaxies and compare them with observed data, a precise estimate of dust extinction effect is required. For example, Yajima et al. (2015) calculated the galaxy UV luminosity function at high redshifts (6 ≤ z ≤ 12) using cosmological zoom-in hydrodynamical simulations with constrained initial conditions. In their work, chemistry and cooling of hydrogen, helium and metals were computed as in Choi & Nagamine (2009) , however, the dust-to-metal ratio was fixed. Bekki (2015) treated dust as a new particle species in addition to gas, dark matter, and star particles. They included not only the formation and destruction of dust, but also dust-dependent star formation and stellar feedback (Bekki 2013) . Furthermore, in a more recent work, McKinnon et al. (2016b) regarded dust as an additional component in gas, and performed cosmological zoomin simulations. They revealed the importance of dust growth by the accretion of gas-phase metals, and pointed out the necessity of a more realistic treatment of dust destruction and feedback by SNe. In addition, McKinnon et al. (2016a) ran cosmological simulations and compared the dust mass function and radial profile of dust with corresponding observational data. They found that their simulation broadly reproduced the observation in the present-day Universe, although it tended to underestimate the dust abundance in high-redshift galaxies.
In all of these simulations mentioned above, dust processing by grain-grain collisions such as coagulation and shattering, both of which are important for the grain size distribution, has not been included yet (but see Zhukovska et al. 2016 , who implemented part of these processes by postprocessing a hydrodynamic simulation of an isolated galaxy with a particular focus on temperature-dependent sticking coefficient). Implementation of dust size distributions in SPH simulations has not been successful, mainly because of the high computational cost. Calculating the grain size distribution in a fully self-consistent manner is computationally expensive even in one-zone calculation as shown by Asano et al. (2013b) . However, because of the aforementioned effects of grain size distribution, implementation of grain size distribution in hydrodynamic simulations is essential in understanding the role of dust in galaxy evolution.
In this paper, we perform N -body/SPH simulations of isolated galaxies with a model of dust formation and destruction. For the purpose of treating the evolution of grain size distribution within a reasonable computational time, we adopt the two-size approximation formulated by Hirashita (2015) , in which the entire grain size range is represented by two sizes divided at around a 0.03 µm, where a is the grain radius. Hirashita (2015) has confirmed that the twosize approximation gives the same evolutionary behaviour of grain sizes and extinction curves as calculated by the full treatment of Asano et al. (2013b Asano et al. ( , 2014 . Thus, implementing the two-size model, which is computationally light, in hydrodynamic simulations provides a feasible way to compute the grain size evolution in the ISM. Consequently, not only can we compute the spatial variations in dust properties, but also examine the grain size distribution as a function of time and metallicity. This is a significant advantage over the simple one-zone calculations, which generally need to introduce some strong assumptions such as instantaneous mixing and homogeneity.
Although our ultimate goal is to understand dust evolution in the cosmological structure formation, the target of this paper is an isolated galaxy for the purpose of the first implementation of dust evolution. Using an isolated galaxy enables us to compare our results with previous one-zone calculations and to test our implementation. Since the spatial resolution is higher than typical cosmological simulations, we will be able to predict spatially resolved properties of dust evolution in detail.
This paper is organised as follows. In Section 2, we introduce our dust evolution model and calculation method. We present the simulation results in Section 3. We discuss the parameter dependence in Section 4 and compare the simulation results with observational data in Section 5. We conclude in Section 6. Throughout this paper, we adopt Z = 0.02 for solar metallicity following Hirashita (2015) .
MODEL

Numerical Simulations
In this section, we overview our simulation setup first before we describe the details of our dust implementation. We use the modified version of GADGET-3 N -body/SPH code (originally explained by Springel 2005) , and our simulation includes dark matter, gas, and star particles. The dynamics of collisionless particles are computed with a treeparticle-mesh method, and the hydrodynamics is solved Table 1 . Initial physical parameters of our isolated galaxy. In this paper, we adopt the low-resolution model of the AGORA project (Kim et al. 2014) . The disk and bulge components are pre-existing stellar components treated by collisionless star particles dynamically, but those particles are not destroyed nor created during the simulation. † The gravitational softening length is taken to be 80 pc, and we allow the baryons to collapse to 10% of this value. However, in practice, we find that the variable gas smoothing length reached a minimum value of only ∼ 22 pc with our models of gas cooling, star formation, and feedback.
Parameter Value
Gas mass 8.59 × 10 9 M Dark matter mass 1.25 × 10 12 M Disk mass 4.30 × 10 9 M Bulge mass 3.44 × 10 10 M Total mass 1.3 × 10 12 M Number of gas particle 1.00 × 10 5 Number of dark matter 1.00 × 10 5 Number of disk particle 1.00 × 10 5 Number of bulge particle 1.25 × 10 4
Gas particle mass 8.59 × 10 4 M Dark matter particle mass 1.25 × 10 7 M Disk particle mass 3.44 × 10 5 M Bulge particle mass 3.44 × 10 5 M Grav. softening length 80 pc † with the entropy-conserving, density-independent formulation (Springel & Hernquist 2002; Saitoh & Makino 2013; Hopkins 2013) , using the quintec spline kernel of Morris (1996) . The star particles are stochastically created from gas particles as described in Springel & Hernquist (2003) , consistently with the SFR equation which we describe below. Our code uses the Grackle 1 chemistry and cooling library (Bryan et al. 2014; Kim et al. 2014) , which solves the nonequilibrium primordial chemistry network for atomic H, D, He, H2, and HD. Using the Grackle's nonequilibrium chemistry with H2 allows us to compute the gas properties to lower temperatures and higher densities, which is necessary for a proper treatment of dust physics as we will see below.
The initial condition of our isolated galaxy is taken from the low-resolution model of AGORA simulations (Kim et al. 2014) , and various parameter values of this disc galaxy is summarised in Table 1 . The highest density that we can resolve is also determined by the minimum gravitational softening length of grav = 80 pc, and we allow the minimum gas smoothing to reach 10% of grav. Following Hopkins et al. (2011) and Kim et al. (2016, in prep.) , we adopt the Jeans pressure floor,
where γ = 5/3, NJeans = 8.75, and h sml is the smoothing length of gas. This is to avoid artificial numerical fragmentation when the Jeans mass at low temperatures is not resolved. The gas particles in our simulations carry physical information such as density, internal energy, entropy, ionization 1 https://grackle.readthedocs.org/ Figure 1 . Face-on view of the distribution of gas surface density (left panel) and stellar surface density (right) of our simulation at t = 1 Gyr. The colour bar indicates the mass surface density in logarithmic units of [M pc −2 ]. The image was produced with a pixel size of ∼ 93 pc.
fraction, metallicity, and SFR. The gas pressure can be computed from entropy and density, and the temperature from internal energy and ionization fraction. Therefore we can use these dynamically computed physical quantities to evaluate the dust processes at each point in space and time. With our new treatment for dust, the gas particles now also carry the dust mass as an additional physical parameter.
As an example, Fig. 1 shows the face-on view of surface densities of gas and stars of our simulated galaxy at t = 1 Gyr. Spiral arms are prominent and well developed after 1 Gyr since the beginning of the simulation, and stellar disk is clearly visible in the right panel. We also smooth the spatial distribution of metal and dust within the smoothing kernel, in a similar manner to the computation of gas density while the simulation is running. Fig. 2 shows the overall distribution of gas in our simulated galaxy on the temperature-density plane. With our current resolution and Grackle cooling, we achieve gas number densities slightly higher than 10 4 cm −3 and temperatures as low as Tgas ∼ 30 K. There is also a distribution of tenuous gas heated by the stellar feedback effects (see Section 2.1.2) at Tgas > 10 5 K, which would be absent if we turn off the feedback processes.
Star Formation
We follow the star formation prescription of the AGORA project (Kim et al. 2014 ). In this model, the local SFR density dρ * /dt is estimated as
where εSF = 0.01 is the star formation efficiency, ρgas is the gas density and t ff = 3π/(32Gρgas) is the local freefall time. The star particles are stochastically created from gas particles as described in Springel & Hernquist (2003) , consistently with the above SFR. But the star formation is allowed only for gas particles with ngas ≥ 10 cm −3 . Each star particle is regarded as a simple stellar population with a Chabrier (2003) initial stellar mass function (IMF), and it carries stellar mass, metallicity, and formation time as its physical attributes.
Our simulation results show that the gas is converted into stars at a steady rate of ∼ 1 M /yr, although we do not show the figure here as it is a simple result. Total stellar mass increases monotonically from zero at t = 0 Gyr to 3.4× Figure 2 . Distribution of gas particles on the temperaturedensity (Tgas − ngas) phase diagram in our simulation at t = 1 Gyr. The colour indicates the logarithmic surface density of gas particles on this diagram as indicated by the colour bar on the right.
10
9 M at t = 10 Gyr. Disk and bulge mass given Table 1 do not change as they are assumed to be made of old stellar population and treated by collisionless stellar particles. The overall gas mass of the galaxy decreases monotonically from 8.6 × 10 9 M at t = 0 Gyr to 5.2 × 10 9 M at t = 10 Gyr.
Early Stellar Feedback
Several studies have pointed out the impact of feedback from stellar winds and radiation of massive stars before they explode as supernovae (Wise et al. 2012; Agertz et al. 2013; Stinson et al. 2013) , which is often called the 'early stellar feedback.' For example, Agertz et al. (2013) considered the momentum of ionizing radiation onto the ambient gas, and found that it is effective in sweeping up the gas in the vicinity of young star clusters. Stinson et al. (2013) also implemented a phenomenological model, which assumes that the energy from massive stars are converted and deposited among the neighbouring gas particles in a form of pure thermal energy, while turning the radiative cooling off for 30 Myrs to avoid the overcooling problem. While our present work is more focused on the physics of dust formation and evolution, we have implement the effect of stellar feedback model, roughly following the work by Stinson et al. (2013) and Todoroki (2014) . In our model, the thermal energy from early stellar feedback is injected at a constant rate for t explode = 4 Myr, which is an approximate life-time of a massive star (e.g., Fall et al. 2010) . The fractional thermal energy deposited from a star particle in a single time-step is
where t is the current simulation time, t deposit is the time at which the star deposited a fraction of the thermal energy in the previous time-step, esf is the early stellar feedback efficiency, and E rad is the radiation energy which is emitted by massive stars. We adopt E rad = 2 × 10 50 erg per 1 M of stars (Stinson et al. 2013 ).
The energy ∆E th is then distributed among all the neighbour gas particles using the mass-weighted SPH kernel. The physical meaning of early stellar feedback efficiency, esf , is the fraction of UV photons that contributes to the early stellar feedback. Stinson et al. (2013) find that the model with esf = 0.1 reproduces a good agreement with the stellar-to-halo mass relation obtained from halo occupation distribution models, but here we take esf = 0.3 to see the maximum impact of early stellar feedback. However, having examined our results on dust properties in the runs with and without the early stellar feedback, we actually find that its impact on dust results is not so strong.
SN model
Dust destruction by SNe is also treated by a subgrid model, as our simulations do not have the resolution to solve the gas dynamics at sub-parsec scales. In our subgrid model, we first compute a 'shock radius' (R sh ) for newly formed star particles, inside which the gas particles are affected by the SN shock and the dust is destroyed. We adopt the shock radius from Chevalier (1974) and McKee & Ostriker (1977) , who performed spherically symmetric hydrodynamical simulation of supernova remnant in an uniform medium. In their simulation, they considered not only the cooling via infrared, UV and X-ray radiation, but also the effects of magnetic field on the remnant. As a consequence, they obtained a shock radius as
, (4) where P0 is the ambient pressure which is obtained by calculating the kernel-weighted mean pressure of neighbouring gas particles located within the smoothing length of the young star particle. The value of ESN, which is the total collective energy from all SNe in the star particle of concern, will be specified in equation (7).
Metal production and Supernova Feedback
Dust is produced from metals, and metals are ejected from supernova explosions; therefore we need to treat dust and metal production in a consistent manner with star formation and SN feedback. In this subsection, we first describe our treatment of supernova feedback and metal enrichment, which are based on the AGORA project (Kim et al. 2014) and Todoroki (2014) .
We assume that stars with masses between 8 and 40M explode as Type II SNe after a time-delay of t explode = 4 Myr from the star formation, and deposit a net energy of 10 51 erg into the ambient medium. For the assumed Chabrier IMF, the number of Type II SNe per unit stellar mass is 0.011 M −1 . We include the effects of gas recycling and metal production from Type II SNe. We return the mass of stars in between 8M < M < 40M into ISM after substracting the remnant mass of 1.4 M per star.
The total amount of metals produced and ejected from Type II SNe per stellar mass, MZ, is calculated as
with the corresponding fractional masses of oxygen MO and iron MFe being 0.0133 M and 0.011 M , respectively, per one solar mass of stars formed. These values come from the tabulated results of Woosley & Heger (2007) and for the Chabrier IMF (see also Section 3.5 of Kim et al. 2014) . Inserting these values into Eq. (5) gives MZ = 0.02896 M per one solar mass of stars formed. In other words, in the actual simulation, the amount of metal mass injected into the i-th gas particle is computed as
where A is taken as Y Z ∆m * in this case, Y Z = 0.02896 is the effective yield, ∆m * is the mass of the star particle which provides the metal and dust to the i-th gas particle with mass mi, W is a kernel function, ri is the positional vector of i-th gas particle measured from the star particle of concern at rs, and hs is the smoothing length recomputed for the star particle using neighbouring gas particles, respectively. The produced metals are distributed by the SN shock wave to the neighbouring gas particles within R sh . If there is only one neighbouring gas particle within R sh (which could happen in a low resolution simulation), then all the metals are given to the corresponding gas particle.
When a star particle with mass m * explodes, the following energy ESN is released (Kim et al. 2014) :
As for the kinetic SN feedback, we take 28.3% of the total SN energy (E SN,k = 0.283ESN; Durier & Dalla Vecchia 2012) as the available kinetic energy, and give the corresponding momentum to gas particles within R sh in random directions. The remaining 71.7% of the total SN energy is given to the gas as a thermal feedback similarly to the metals above.
Time evolution of dust abundances
We solve dust evolution on each gas particle. In this paper, the treatment of grain size distribution is based on the twosize approximation by Hirashita (2015) . The whole range of grain radii is represented by large and small grain populations considering that various grain processing mechanisms work differently between these two grain populations. The boundary of these two populations is chosen at a 0.03 µm (Hirashita 2015) based on the full treatment of grain size distribution by Asano et al. (2013b) . We adopt typical radii of the large and small grain populations as 0.1 µm and 5 × 10 −3 µm, respectively. The abundances of the two dust populations on a gas particle are represented by the dustto-gas mass ratios, DL and DS as
where mg is the mass of the gas particle, and mL and mS are the total mass of large and small grains in the gas particle, respectively. Hereafter we refer to DL (DS) as the large (small) grain abundance. The total dust-to-gas ratio Dtot is defined as
In our simulation, each gas particle has its own dust abundance D L(i) and D S(i) , where suffix i indicates the label for the gas particle. The dust production and destruction processes are calculated for each particle by the model described below.
Based on the two-size model, we calculate the formation and destruction of large and small dust grains on each gas particle using variables and outputs in the simulation. Considering the relevant processes for large and small grains, the equations governing the masses of large and small grains are written as (Hirashita 2015) 
where ψ is the star formation rate, EZ is the injection rate of metals from stars, and fin is the dust condensation efficiency of the metals in the stellar ejecta. The time-scales of various processes are also introduced: τSN is the time-scale of dust destruction by SN shocks, and τ sh , τco, and τacc are the timescales of shattering, coagulation, and accretion, respectively. Based on the above equations, we formulate the time evolution of the large and small grain abundances in the ith particle from time t to the next time step t + ∆t as (see also equation 15 and 16 in Hirashita (2015) )
where ∆D (SNe/L)(i) and ∆D (SNe/S)(i) are the decrease of the large and small grain abundances in the i-th particle by SN destruction, respectively. The amount of newly produced metals, ∆mZ , is computed according to Eq. (6). The destroyed fraction of the newly supplied dust from stars, δ, is derived in Appendix A. We explain how to estimate ∆D (SNe/L)(i) , ∆D (SNe/S)(i) , τ sh , τco and τacc in the following subsections.
One can see in equations (13) and (14) that following processes are implemented in our model: stars produce only large grains; shattering reduces large grains and increases small grains; coagulation reduces small grains and increases large grains; accretion increases only small grains; and SN shocks destroys both large and small grains. As we describe further in the following subsections, accretion and coagulation occurs only in dense ISM, and shattering occurs only in lower density ISM. Accretion is the only process that genuinely increases the dust amount, and shattering and coag-ulation does not change the total mass of dust. One further important point in our formulation is that 'astration', i.e., the consumption of dust (as well as gas and metals) by star formation is automatically taken care of in our computation, as our dust formulation is using dust-to-gas ratio instead of dust mass itself. If the amount of gas is reduced by star formation, the amount of dust on the relevant gas particle is also reduced by the same factor. The dust in stars are assumed to be locked and do not change as a function of time after the formation of star particles.
The current setup of the code does not allow us to treat delayed dust input from AGB stars. However, contribution from AGB stars can be effectively included in fin, although AGB star dust production occurs at the same time as SN dust production in our treatment. As compiled by Inoue (2011b) and Kuo et al. (2013) , the value of fin is in the range of ∼ 0.01−0.5, and it varies among theoretical models adopted. Since implementing delayed metal input requires a deeper modification of the code, we only vary fin to examine the effect of dust production by stars, given that the uncertainty in fin is large. Moreover, as shown later, interstellar processing, especially dust mass growth by accretion, is much more efficient than stellar dust input at ages > ∼ several hundreds Myr, when AGB stars would start to contribute (Valiante et al. 2009 ). We leave delayed dust input from AGB stars to future work.
Dust destruction in SN shocks
Each SN destroys the dust in its sweeping radius. Since each SN is not spatially resolved in our simulations, we simply adopt the following analytic formula for swept gas mass msw from McKee (1989) : (1) SN = 10 51 erg). The shock velocity vs is adopted from McKee et al. (1987) , which is based on the Sedov-Taylor solution for single SNe:
where n0 is the number density of ambient gas. A single SN destroys the dust in each gas particle by the following fraction:
where εSN is the efficiency of dust destruction in an SN blast wave. We adopt εSN = 0.1 based on Nozawa et al. (2006) and McKee (1989) unless otherwise stated (see also Jones et al. 1994 Jones et al. , 1996 . We estimate the number of SNe affecting the i-th particle, Ni, as
where floor(x) is Gauss' floor function which returns the integer part of the argument, and ESN/E
SN is the number of SN explosions. Since the survival fraction of the dust is 1 − η after an SN, the reduction of dust abundance after N SNe can be estimated as
which is used in equations (13) and (14).
Subgrid models for dust physics
Accretion and coagulation of dust occur in dense molecular clouds , which cannot be fully resolved by our current SPH simulations. Therefore, we have to treat these processes by sub-grid models as we describe below. We impose following criteria for the selection of gas particles hosting unresolved dense gas:
and Tgas < 10 3 K.
We call these gas particles dense gas particles, and they occupy lower right corner of the phase diagram shown in Fig. 2 . We also assume that the fraction f dense of each dense gas particle is dense enough to allow accretion and coagulation, and that the hydrogen number density and temperature of such dense media are 10 3 cm −3 and 50 K, respectively. We adopt f dense = 0.5 as a fiducial value, and examine the effect of varying f dense in Section 4.4.4.
Accretion
Accretion is a process in which small grains gain their mass by accreting gas from ambient medium. We obtain the timescale of accretion from eq. (23) in Hirashita & Kuo (2011) :
/f dense (for dense gas particles), ∞ (otherwise). (21) In deriving this equation, we adopted hydrogen number density nH = 10 3 cm −3 , gas temperature Tgas = 50 K, sticking efficiency of gas-phase metals S = 0.3, and typical radius of small grains a = 5 × 10 −3 µm. The infinity for τ means that we turn off the process. The term (1 − Dtot/Z) −1 expresses the fact that only the metals in the gas phase contribute to dust growth. We note that the above time-scale is one third of that in Kuo & Hirashita (2012) , who treated the timescale in terms of grain radius, while we define the time-scale by mass growth rate.
Coagulation
Coagulation is a process in which small grains collide with each other and turns into large grains. Since it is a collisional process between dust grains, its time-scale τco can be estimated based on the collision time-scale (see Appendix B):
In using equation (B4), we adopted D = DS, a = 5×10 −3 µm for the typical radius of small grains, s = 3 g cm −3 for the grain material density, and v = vco for the typical velocity dispersion of small grains. We adopt vco = 0.1 km s −1 for the fiducial run. Here the typical velocity dispersion is based on the turbulence-induced grain velocity dispersion calculated by a magnetohydrodynamic turbulence model in cold dense molecular clouds (Yan et al. 2004) . Since the uncertainty in the velocity dispersion is large, we also examine the case for vco = 0.01 km s −1 in Section 4.
Shattering
Shattering is a process in which large grains collide with each other and get shattered into small grains. Since shattering occurs in the diffuse ISM (Hirashita & Yan 2009 ), it can be spatially resolved in our simulations, and no subgrid model is necessary. We assume that shattering occurs only in gas particles whose gas density is lower than the shattering threshold density n SH th . We estimate the shattering time-scale based on the collisional time-scale in Appendix B using directly the gas density of gas particles as
In estimating equation (23), we adopted a = 0.1 µm, s = 3 g cm −3 , v = 10 km s −1 (a typical velocity dispersion of large grains; Yan et al. 2004) , D = DL, and nH = ngas. We adopt n SH th = 1 cm −3 unless otherwise stated.
RESULTS
Dust enrichment
One of the most fundamental features in our calculation is the spatial distribution of dust in a galaxy. We present the time evolution of surface densities of large and small grains at t = 0.1, 0.3, 1, and 5 Gyr in Fig. 3 . At t 0.1 Gyr, the dust-abundant region is limited to the central region of the galaxy because of the relatively high star formation rate (i.e., high dust formation by stellar sources). The processes of increasing the small grain abundance (shattering and accretion) are not efficient yet because of low dust abundance. Thus, the amount of small grains is much smaller than that of large grains in the early phase of evolution.
At t 0.3 Gyr, the distribution of large grains becomes more similar to the gas distribution as the dust enrichment becomes more prevalent in the entire disc. As time passes, the existence of small grains becomes clearer and clearer because large grains are converted to small ones via shattering. After t 1.0 Gyr, accretion becomes dominant (Section 4.2) and the small grain abundance becomes comparable to the large grain abundance in the inner region of the galaxy. This is because the high-density environment in the central part raises both accretion and shattering efficiencies.
At t 5.0 Gyr, not only large grains but also small grains exist in a wide area of several kpc from the galactic centre, tracing the gas distribution well. The density contrast becomes higher than that at t = 0.1 Gyr because of the non-linear dependence of accretion on density. In addition, large grains are formed not only via stellar production but also via coagulation in this phase, because the coagulation rate becomes sufficiently high as the small grain abundance increases at later times (Section 4.2).
Comparison between large and small grain abundances
We have newly incorporated the two-size approximation, which provides information on grain size distribution. Thus, we are able to show the spatially resolved grain size distribution map in a galaxy for the first time, although the grain size distribution is represented by two sizes to save the computational time. In Fig. 4 , we present the surface density ratio of small to large grains, log 10 (DS/DL). In the early stage at t = 0.1 Gyr, as discussed in Section 3.1, the abundance of large grains is dominant over that of small grains (i.e. most of the area is covered by blue or green colours) in almost all regions of the galaxy, because the dust production is dominated by stellar sources and DL is large.
By comparing DS/DL at various ages in Fig. 4 , we find a drastic increase of small grain abundance between t = 0.1 and 0.3 Gyr, as we already noted in Section 3.1. Before t = 0.1 Gyr, because the shattering time-scale is much shorter than that of accretion, small grains are generated predominantly by shattering. After that, accretion is the dominant process for increasing small grain abundance (Section 4.2). Because accretion is more efficient in more metal-rich and denser gas, we find more regions with a high DS/DL close to the central part than in the outskirts at t 0.3 Gyr. But in some localised dense regions, DS/DL is already reaching close to unity, as seen by red spots of actively star-forming regions.
At t 1 Gyr, shattering and coagulation start to show overall balance, and DS/DL begin to reach a temporary convergence, and more wider regions start to show redder colour approaching unity, with weaker dependence on the density.
After t 5 Gyr, DS/DL reaches close to unity, and the outer part of galaxy also becomes largely red colour. In contrast, we observe a suppression of small grain abundance in the central part (green colour with DS/DL 0.1) because of enhanced coagulation there.
DISCUSSION
Time evolution of total mass of each component
We discuss the dust mass budget in the entire galaxy. In Fig. 5 , we show the time evolution of the total masses of small and large grains. We also present the total dust and metal masses (metals include both gas-phase and dust-phase components). Because we assume that only large grains are created by stellar sources and adopt a fixed dust condensation efficiency fin, the mass ratio of large grains to metals is approximately fin(= 0.1) in the early phase of the evolution. In addition, the abundance of small grains is much smaller in the early epoch such as 0.1 Gyr. This is because the small grains are created only via shattering and its time scale is much longer than the age. After t ∼ 0.1 Gyr, small grains start to increase dramatically by shattering and accretion. However the site where shattering and accretion occur efficiently is limited to the central part (Fig. 3) and the total abundance of dust is still much lower than that of metals. At 1 Gyr, because small grains increase further by accretion, a significant fraction of metals is locked into the dust. The total mass ratio of small to large grains is (0.0036, 0.0659, 0.1795, 0.5641), and the total mass ratio of dust to metal is (0.0844, 0.1008, 0.3130, 0.6875) for t = (0.1, 0.3, 1.0, 5.0) Gyr, respectively.
Contribution of each process
In this section, we examine the contribution of each physical process to dust production and destruction rate. In this calculation, we take into account all gas particles in the simulation, and sum up the contribution of each term on the right-hand-side of Eq. (13) and (14) for each process, as shown in Fig. 6 . Stellar dust production is the dominant production mechanism of large grains in the early stage (t < ∼ 0.3 Gyr).
For SN dust destruction, we separate the destruction of newly formed dust (fin ∆mZ mg δ in eq. 13) and pre-existing dust (eq. 19) according to the formulation in equation (13) and Appendix A. By construction of our model, the destruction rate of newly formed large grains (SN-destr-2 in Fig. 6 ) is proportional to the stellar dust production rate (red solid line in Fig. 6 ). Among all dust processing mechanisms, at t < 0.1 Gyr, SN dust destruction of newly formed ones is the most dominant (SN-destr-2 in Fig. 6 ).
On the other hand, the destruction rate of pre-existing large grains (i.e., SN-destr-1 in Fig. 6 and eq. 19) increases as the system is enriched with dust, simply because the destruction rate is proportional to the destroyed material. The SN destruction rate of small grains also traces the increase of small grains. There is no destruction of small newly formed grains, since we assume that all grains formed by stellar sources are large.
The initial increase of small grains is governed by shattering at t < ∼ 0.1 Gyr. As the metallicity and dust abundance increase, accretion catches up with the contribution from shattering, becoming the dominant source of small grains around t ∼ 0.1 Gyr. As the small grain abundance increases further, the coagulation rate becomes comparable to the stellar dust production rate, which means that coagulation is the most dominant mechanism of producing large grains. Thus, the combination of accretion and coagulation is important in increasing the dust abundance at t > ∼ 0.3 Gyr (note that for the dust mass increase, accretion is more fundamental than coagulation since coagulation itself does not increase the total dust mass). Accretion saturates afterwards because a significant fraction of metals are already accreted on the dust. The contributions of coagulation and shattering become comparable at t > ∼ 1 Gyr; thus, the small-to-large grain abundance ratio is determined by the balance between shattering and coagulation. Note that, since these two processes do not change the total dust amount, the total dust amount is still determined by the balance between accretion and SN destruction. The above evolutionary behaviours of various processes are consistent with those in one-zone calculations (Asano et al. 2013b; Hirashita 2015) .
Dust abundance as a function of metallicity
We plot the time evolution of the relation between dustto-gas ratio (Dtot) and metallicity (Z) for all gas particles in Fig. 7 . In this figure, we also plot the relation predicted by the one-zone two-size approximation calculation by Hirashita (2015) (white thin solid line). For the one-zone result, we choose their simple fiducial parameters for various processes as a reference, although in our simulations, the timescale of each process varies from particle to particle. We also show a simple constant dust-to-metal ratio expected from pure stellar dust production Dtot = finZ (yellow dashed line) and the saturation limit Dtot = Z (red dot-dashed line).
One can see that a fixed dust-to-metal ratio is a good approximation in the early phase (t < ∼ 0.1 Gyr), since the dust evolution is driven by stellar production. Many simulations simply assume a constant dust-to-metal ratio, instead of solving the evolution dust-to-gas ratio (e.g., Yajima et al. 2015) . However, because accretion, whose efficiency responds to metallicity nonlinearly, is dominating after that, the fixed dust-to-metal ratio no longer gives a good approximation at t > ∼ 0.3 Gyr. The important feature of the increase of dust-togas mass ratio due to accretion is that it becomes prominent above a certain metallicity. This metallicity is called critical metallicity in, for example, Asano et al. (2013a) . This critical behaviour of accretion in terms of metallicity is caused by the metallicity dependence of the accretion efficiency, as is clear from the accretion time-scale in equation (21) (see also Dwek 1998; Zhukovska et al. 2008) . As the system is enriched with metals, the Dtot-Z relation extends towards higher metallicities and higher Dtot. Because accretion saturates after a significant fraction of gas-phase metals are locked into dust, the increase of Dtot as a function of Z becomes moderate at the highest metallicity range.
We also plot the observed Dtot-Z relation for nearby galaxies with each point corresponding to each individual galaxy (not spatially resolved) (Rémy-Ruyer et al. 2014; Zhukovska 2014 ). Since our theoretical plots are for each SPH particle in our single-galaxy simulation, strictly speaking, we cannot compare our results with an unresolved nearby galaxy sample. Nevertheless, the fact that our models roughly reproduces the observed Dtot-Z relation for nearby galaxies indicates that our implementation of various dust formation and processing mechanisms is successful in catching the trend of dust evolution as a function of metallicity.
In Fig. 8 , we also show the relation between small-tolarge grain abundance ratio and metallicity, in order to clarify the evolution of grain size distribution. In the earliest stage of evolution the main source of small grains is shattering, whose efficiency increases in proportion to the large grain abundance. While the large grain abundance increases as a function of metallicity by stellar dust production, the production rate of small grains depends on the square of the large grain abundance. Thus DS/DL has a positive correlation with Z. At t > ∼ 0.3 Gyr, the DS/DL shows a strong Figure 6 . Time evolution of dust production and destruction rate for each process. Left panel: the terms from the right-hand-side of equation (13) are shown for large grains: shattering (blue dashed), coagulation (green dot-dashed), stellar production (red solid), SN-destr-1 (orange dot-long-dashed; corresponding to the destruction rate of pre-existing dust in eq. (19)), and SN-destr-2 (purple dotdot-dashed; corresponding to the destruction rate of newly formed dust, f in ∆m Z mg δ). Right panel: the terms from the right-hand-side of equation (14) are shown for small grains: shattering (blue dashed), coagulation (green dot-long-dashed), accretion (black dotted), and SN-destr-1 (orange dot-dashed; same as left panel).
dependence on Z around Z ∼ 0.1 Z because of accretion. At higher metallicities, as is clear in the plots at t = 1 and 5 Gyr, DS/DL decreases as Z increases because small grains turn into large ones via coagulation. The above behavior on the DS/DL-Z diagram is consistent with the analysis in Hirashita (2015) . At t = 5 Gyr, the distribution of DS/DL seems to split into two components at log 10 (Z/Z ) −0.5. The upper component with DS/DL ∼ 1 corresponds to low temperature (Tgas < 10 4 K) and diffuse gas (10 −2 ngas < 1 cm −3 ) in the disk, and the bottom component with DS/DL ∼ 0.1 corresponds to high temperature (Tgas > 10 4 K) and diffuse gas (ngas < 1 cm −3 , but largely 10 −2 cm −3 ; see the phase diagram in Fig. 2 ) in both disk and circum-galactic regions affected by SN feedback. The former component has higher densities than the latter component; therefore the impact of shattering is much stronger, resulting in higher DS/DL.
Parameter dependence
There are some uncertain parameters involved in the above subgrid dust physics models. Although the values of those parameters are chosen based on physical reasoning, it is still worth examining the effect of varying them. Below we examine how a representative parameter for each process affects the results. We use the Dtot-Z and DS/DL-Z diagrams to examine the effects of various processes, since we have shown above that these diagrams are useful for such a purpose. We find that the qualitative behaviour as a function of time in this diagram does not change so much when we vary the parameters, therefore we focus on t = 1 Gyr for this comparison.
Stellar dust production fin
For stellar dust production, the condensation efficiency fin is the key parameter. Inoue (2011a) and Kuo & Hirashita (2012) found that fin varies in the range of 0.01-0.5 even among different theoretical calculations.
To clarify the effect of varying fin, we compare the results of fin = 0.01 and our fiducial value fin = 0.1 in Fig. 9 . The dust-to-gas ratio at low metallicity is simply proportional to fin (i.e., Dtot ∼ DL ∼ finZ), because stellar dust production dominates the dust abundance increase. The value of DS/DL at low metallicity is also lower for fin = 0.01 than for fin = 0.1, because the production rate of small grains by shattering is proportional to DL according to equation (23).
However, both Dtot and DS/DL reach similar values at high metallicity regardless of the difference in fin, because the processes other than stellar dust production, especially accretion, dominate these quantities. Thus changing fin affects the dust abundance only at low metallicities, typically Z < ∼ 0.1 Z .
Density threshold of shattering
We also examine the dependence on the treatment of shattering. The strength of shattering is mostly regulated by the density threshold below which shattering occurs (n SH th ). Examining a low threshold density for shattering is especially important since setting too-high a threshold may cause an unreasonably strong shattering effect, because the shattering time-scale is inversely proportional to the density (equation (23)). In Fig. 10 , we compare the results for a lower density threshold n SH th = 0.1 cm −3 and the fiducial n SH th = 1 cm −3 (equation 23). Since shattering occurs in lower density gas than n SH th , lowering this threshold density reduces the amount of gas which will be affected by shattering. Figure 7 . Distribution of gas particles on the Dtot − Z plane at t = 0.1, 0.3, 1 and 5 Gyr as labelled. The colour indicates the logarithmic surface density of the gas particle on this diagram. The white line represents the one-zone calculation by Hirashita (2015) . The yellow dashed and red dot-dashed lines denote the linear relation of the stellar yield (Dtot = f in Z) and the saturation limit (Dtot = Z), respectively. Cyan crosses denote the observational data of nearby galaxies taken from Rémy-Ruyer et al. (2014) and Zhukovska (2014) .
From this comparison, we find that the increase of Dtot is slightly suppressed at Z > 0.1Z for a lower n SH th , because less production of small grains by shattering leads to less efficient accretion. Suppression of small-grain formation is clearly observed in lower DS/DL at low metallicities with lower n SH th in Fig. 10 , and the overall distribution of DS/DL is also slightly lower even at higher metallicities.
Grain velocity for coagulation
The coagulation time-scale is regulated by the typical velocity of small grains vco. As shown by Yan et al. (2004) , the velocity of small grains in the dense medium depends strongly on gas density. Our fiducial value (vco = 0.1 km s −1 ) is taken from their calculation for molecular clouds, however, if we adopt their dense cloud cases, the velocity dispersion could be smaller by an order of magnitude. Thus, we examine the case of a smaller vco = 0.01 km s −1 . Fig. 11 compares the results with vco = 0.1 (fiducial) and 0.01 km s −1 . We observe that a larger vco (i.e., more efficient coagulation) predicts a lower DS/DL at high metallicities, as the small grains are converted into large grains via coagulation more. The resulting DS/DL is roughly inversely proportional to vco at Z > ∼ 0.3 Z , because it scales with the inverse of coagulation efficiency. Since coagulation conserves the total dust mass, Dtot is hardly affected by the change of vco.
Mass fraction of dense cloud: f dense
The subgrid parameter introduced to describe accretion and coagulation is the fraction of dense clouds f dense (Section 2.3). In addition to the fiducial case of f dense = 0.5, we also examine a low fraction f dense = 0.1, as shown in Fig. 12 .
The increase of Dtot by accretion occurs at higher metallicity for f dense = 0.1 than for f dense = 0.5, because of a lower efficiency of accretion. In other words, a higher metallicity is required for accretion to be efficient enough to raise the dust-to-gas ratio. However, the dust-to-gas ratio eventually reaches similar values at solar metallicity in both cases.
The effect of coagulation is seen in DS/DL, which is systematically lower at high metallicities for f dense = 0.5 than for f dense = 0.1 due to more efficient coagulation. In contrast, the change of f dense does not affect the results at low metallicities, because neither coagulation nor accretion is the dominant mechanism for driving the dust evolution at low metallicities. Nozawa et al. (2006) studied the efficiency of dust destruction in an SN blast for various dust species, and showed that it varies by about a factor of four among different dust species. Therefore we also simulate a high efficiency case with εSN = 0.4 and compare with the fiducial case, εSN = 0.1, in Fig. 13 . We find that the dispersion of gas particles on the Dtot − Z plane at Z ∼ 0.1 Z is greater for εSN = 0.4 than for εSN = 0.1. The dispersion is especially increased toward small Dtot. In addition, DS/DL is slightly suppressed at Z ∼ 0.03 Z for εSN = 0.4 case compared to εSN = 0.1 case. These results suggest that the location of the increase of Dtot and DS/DL by accretion is shifted to higher metallicity if SN destruction is stronger. This is consistent with the one-zone calculation result in Hirashita (2015) . The 'disturbance' by SN destruction also increases scatter at high metallicities. Therefore, although SN destruction does not change the overall behaviour in the Dtot − Z diagram, it produces more scatter in the dust abundance and grain size distribution.
Dust destruction efficiency in an SN blast: εSN
OBSERVATIONAL IMPLICATIONS
Although the main purpose of this paper has been to establish a computational framework of dust evolution in galaxy simulations, it is an important step to compare the output of simulations with observational data. Among the quantities that can be compared directly with observations, we choose the radial distribution of dust-to-gas ratio and dust-to-metal ratio. The dust-to-metal ratio is referred to as the 'depletion' in this paper.
Depletion is one of the observational quantities that suggest the existence of dust in the ISM (e.g., Mathis 1990 ). Table 2 . Stellar mass (m * ), global star formation rate (ψ), specific star formation rate (sSFR) and corresponding category of each galaxy. The references of each values are described as a superscript. (1), (2), (3) and (4) correspond to Heesen et al. (2014) , Dutta et al. (2013); de Blok et al. (2008) and Zhou et al. (2015) , respectively. For SFR and stellar mass, Dutta et al. (2013) and de Blok et al. (2008) are used, respectively.
There is no direct observational data for grain size distributions, although extinction curves and dust emission spectra may give some constraints on them (Yajima et al. 2014; Nozawa et al. 2015; Hou et al. 2016) . However, further modelling is necessary to predict dust extinction and emission, requiring additional sets of assumptions ). Therefore we leave those issues for our future work (Hou et al., in preparation) .
Radial profile
We discuss and compare the total dust surface density in simulations and observations. First, we show the time evolution of the radial profile of dust surface density in Fig. 14 . Overall, the dust surface density increases as time passes due to dust enrichment. The dust surface density rapidly increases from t = 0.3 Gyr to 1 Gyr due to accretion, especially in the central region. However, the star formation activity in the central region is also high and the gas is consumed rapidly before t 1 Gyr. Thus the dust surface density is saturated by astration (i.e., consumption of gas, metals and dust by star formation) at the central region after t 1 Gyr. In contrast, the dust-to-gas ratio and metallicity monotonically increase at all radii even in this phase, because astration decreases dust, metals and gas at the same rate.
The time evolution of radial profile of DS/DL can be understood in the following way. In the early phase such as t 0.3 Gyr, the source of small grains is mainly shattering and the abundance of small grains is determined only by that of large grains. Hence DS/DL roughly follows the radial profile of Dtot. At 0.2 t 0.5 Gyr, small grains starts to increase more than large grains via accretion, especially in the central region where the gas density (i.e., efficiency of shattering) and star formation rate (i.e., production rate of large grains) are high. The rapid increase in DS/DL is observed at later epochs (∼ 1 Gyr) in the outer region. In Figure 14 . Radial profiles of the dust surface density Σ dust,tot (top-left), small-to-large grain abundance ratio D S /D L (topright), total dust-to-gas mass ratio Dtot (bottom-left), and metallicity Z (bottom-right) at t = 0.3 Gyr (dotted), 1.0 Gyr (dotshort-dashed), 3.0 Gyr (dot-long-dashed), and 10.0 Gyr (dashed). In the top left panel, we also overplot the observationally derived radial profiles by Sandstrom et al. (2013) and Smith et al. (2016) .
contrast, in the central region, coagulation decreases DS/DL at t > ∼ 1 Gyr.
In the later stage of simulation (t > ∼ 1 Gyr), shattering further increases DS/DL. The reason is the following. As time passes, dense gas particles are consumed by star formation and the sites of coagulation monotonically decreases. On the other hand, the sites of shattering do not decrease so much, because diffuse ISM does not form stars. As a result, DS/DL continues to increase after t = 1 Gyr.
The radial profile of dust-to-gas ratio have been observationally investigated by Sandstrom et al. (2013) for nearby galaxies. To cancel the galaxy size effect, we normalise the radius by R25 (the radius at which surface brightness falls to 25 mag arcsec −2 ) for the simulated galaxy, following Mattsson & Andersen (2012) . The value of R25 changes as time passes, because the distribution of stellar component changes: R25 = (6.9, 7.0, 7.2, 8.4) kpc at t = (0.3, 1.0, 3.0, 10.0) Gyr, respectively.
The surface density profile of stellar disc in a spiral galaxy, Σ * (r), can be approximately described by a single exponential function as Σ * (r) = Σ0 exp(−r/R d ), where Σ0 is the central surface density. The scale length of stellar disk, R d , is determined by fitting the stellar surface density profile of simulated galaxy at each epoch. We relate R d and R25 by R25 4R d (Elmegreen 1998) . This relation can be confirmed by the data in, e.g., de Vaucouleurs & Pence (1978) . Sandstrom et al. (2013) showed that the stacked radial profile of dust surface density is well explained by exp (−0.56 r/R25). We plot this slope in Fig. 14 together with the simulation results, and find that the simulation results at t > 3.0 Gyr agree well with the observed one by Sandstrom et al. (2013) . Smith et al. (2016) also gave a fit of −1.7 dex R In addition, we also compare our simulation against the observed data by Mattsson & Andersen (2012) , who investigated the radial profile of dust-to-gas ratio and dust-tometal ratio in nearby star-forming galaxies (mainly spiral galaxies). They used the metallicity calibration method of Moustakas et al. (2010) . In order to compare the simulation snapshots at various ages with observations, we classify the observed galaxy sample according to their evolutionary stage. We use the specific star formation rate (sSFR) as an indicator of evolutionary stage, as the build-up of stellar mass is tightly related to the metal and dust enrichment. We take sSFR in the literature as summarised in Table 2 , and divide the sample into following four categories: 10 Gyr −1 < sSFR, 1 Gyr −1 ≤ sSFR ≤ 10 Gyr −1 , 10 −0.8 < sSFR < 1 Gyr −1 , and sSFR < 10 −0.8 Gyr −1 for Category I, II, III and IV, respectively. Holmberg II is a dwarf irregular galaxy, not a spiral galaxy, but it is also included as a representative of young objects, although the comparison should be taken as preliminary until we really simulate a dwarf irregular galaxy. In our simulated galaxy, we adopt the ages 0.3, 1, 3, and 10 Gyr, when the average sSFR is ∼ 3 , 1, 0.3, and 0.1 Gyr −1 , respectively. We compare the simulation results at t = 0.3, 1, 3, and 10 Gyr with Category I, II, III and IV, respectively.
We plot the radial profile of Dtot of each category in Fig. 15 . Since the radial profile is sensitive to grain growth, we show the results with f dense = 0.5 (solid line) and 0.1 (dotted line). The dust-to-gas ratio in the 'youngest' phase represented by Category I (Holmberg II) is broadly reproduced in terms of not only the slope but also the absolute value. The difference between the results with f dense = 0.5 and 0.1 is small, because the dust formation is dominated by stellar production at this early age.
For the galaxies in Category II compared with the simulation result at t = 1 Gyr in Fig. 15b , the slope of the radial profile is reproduced well, although the simulated Dtot tend to be lower than the observed data points. However, the dust-to-metal ratio is reproduced well over the entire radii (see Section 5.2); thus, we suspect that the metallicity evolution implemented in our model underproduces the metallicities for those galaxies. It requires a further check in the future, but this could simply be regarded as an early transient feature in isolated galaxy simulations of this type which does not include any cosmological evolution.
The galaxies in Category III are compared with the simulation results at t = 3.0 Gyr in Fig. 15c . Although the observed data points have large dispersion, the simulations roughly reproduce both the absolute value and slope of except the outer part of NGC 2403. Even when we adopt the smaller f dense , the result changes only by 30 % and the difference is smaller than most observational uncertainties.
The simulation results at t = 10 Gyr are compared with the galaxies in Category IV in Fig. 15d . The simulated slope is shallower at t = 10 Gyr than at 3.0 Gyr, because the increase of Dtot by accretion is efficient up to the outer radii. The simulation result reproduces the overall trend of observed data except for the central part of NGC 3031. Since the deficiency of dust abundance in NGC 3031 is also seen in the dust-to-metal ratio (see Section 5.2), the dust destruction in the central part of NGC 3031 may be much more efficient than assumed in this paper. Because the accretion is saturated at this late age, the dependence of simulation result on f dense is very weak.
Depletion
We show the radial profiles of depletion (i.e., dust-to-metal ratio), which is defined as Dtot/Z. We compare the simulated radial profile of Dtot/Z in Fig. 16, similarly to Fig. 15 . We calculate the depletion at each radius by 
where the two mass-weighted values m gas i Dtot,i and m gas i Z gas i are summed up in each ring for all SPH particles in the appropriate radial range. We use 100 bins on the linear scale in 0 ≤ r/R25 ≤ 2.
We find that the depletion is almost constant in the early phase at t = 0.3 Gyr and the models broadly reproduce the observed depletion in Holmberg II (Category I). At this stage, the level of depletion is broadly determined by the condensation efficiency in stellar ejecta. Thus the depletion is almost constant ( fin = 0.1). Since accretion is not efficient at this stage, the simulation result is almost independent of f dense .
For the galaxies in Category II which are compared with the simulation at t = 1 Gyr in Fig. 16b , we find that the depletion profile is broadly consistent with the observational data. As interpreted by Mattsson & Andersen (2012) , the decreasing trend of depletion with increasing radius is caused by more efficient accretion in the centre than in the outer regions, since dust growth by accretion is more efficient in more metal-rich environment. When we adopt f dense = 0.1, we underestimate the depletion in the central region.
For the galaxies in Category III compared with the simulation at t = 3 Gyr in Fig. 16c , the simulation somewhat overpredicts depletion against observed data. The radial gradient of depletion is shallower in Category III than in Category II, because the effect of accretion becomes more prevalent up to larger radii at later times. When we consider the case of f dense = 0.1, the discrepancy between the simulation and observed data is less. NGC 2403 shows a rapid drop of depletion at the outer radii, which cannot be explained by our models, however it is still consistent with our model up to r/R25 ∼ 0.5 .
Finally, we compare the galaxies in Category IV with the simulation at t = 10 Gyr in Fig. 16d . Our simulation broadly overestimates the observed data, and the slope is flatter than the observed data. The radial profile of depletion and Dtot is flatter at t = 10 Gyr than at 3 Gyr. Because accretion is saturated at later times, the difference of f dense does not affect the results significantly. Some galaxies in Category IV indeed have a flat profile of Dtot/Z, which is qualitatively consistent with our results.
CONCLUSION
In this paper, we investigate the time evolution and spatial distribution of dust in an isolated galaxy with a modified version of GADGET-3 SPH code. To represent the grain size Figure 16 . Comparison of simulation results with observed radial profiles of depletion in each category (panels (a) to (d) correspond to Category I to IV, respectively). The solid and dotted lines represent the cases with f dense = 0.5 and 0.1, respectively. The data points are obtained by Mattsson & Andersen (2012) . The symbols for observational points indicate the same galaxies as Fig. 15 . distribution, we calculate the abundances of small and large grains separately based on the one-zone model by Hirashita (2015) Dust production by stars and destruction by SNe are implemented consistently with star formation. In order to overcome the mass resolution of the simulation, we develop subgrid models for accretion and coagulation, since these processes occur in dense clouds whose sizes are below the spatial resolution of the simulation.
We find that the assumption of fixed dust-to-metal mass ratio becomes no longer valid when the galaxy age is 0.2 Gyr, because the grain growth by accretion produces a nonlinear dependence of dust-to-gas ratio on the metallicity. Small grain production by shattering triggers accretion, because small grains are more efficient in accreting the gasphase metals. In addition, coagulation becomes also significant at ages > ∼ 1 Gyr after a large amount of small grains are produced by accretion. The age-dependent contributions of those processes are all important in driving the evolution of dust-to-gas ratio and grain size distribution at various epochs, and thus should be included in any calculation of dust evolution in galaxies.
Finally, we made a first attempt of comparing our simulation results with spatially resolved observational data of nearby galaxies. To extract the typical age in a simple way, we use the specific star formation rate (sSFR) as an indicator, and compared the observed radial profiles of dust-to-gas ratio and dust-to-metal ratio (i.e., depletion) with the simulation snapshots at various ages. We find that the radial profiles calculated in our models are broadly consistent with observations. The negative radial gradient of dust-to-gas ratio is explained by the tight relation between dust-to-gas ratio and metallicity. The radial profile of depletion is flat at early epochs (t 0.3 Gyr), because the dust-to-metal ratio is simply determined by the dust condensation efficiency in stellar ejecta. At later stages, the radial gradient of depletion is negative, which represents the fact that the dust-togas ratio is a nonlinear (strong) function of metallicity due to accretion. We also reproduce the observational trend that the radial gradient of depletion becomes flatter as the galaxy is aged, which indicates that the regions with efficient grain growth by accretion extend from inside to outwards.
